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Reconstruction of the complete human 
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Sepehr Seirafian,1 Brian P. McSharry,1 M. Lynne Neale,1 James A. Davies,1 Peter Tomasec,1  
Andrew J. Davison,2 and Gavin W.G. Wilkinson1
1Section of Medical Microbiology, Tenovus Building, School of Medicine, Cardiff University, Cardiff, United Kingdom. 2MRC Virology Unit,  
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Human	cytomegalovirus	(HCMV)	in	clinical	material	cannot	replicate	efficiently	in	vitro	until	it	has	adapted	
by	mutation.	Consequently,	wild-type	HCMV	differ	fundamentally	from	the	passaged	strains	used	for	research.	
To	generate	a	genetically	intact	source	of	HCMV,	we	cloned	strain	Merlin	into	a	self-excising	BAC.	The	Merlin	
BAC	clone	had	mutations	in	the	RL13	gene	and	UL128	locus	that	were	acquired	during	limited	replication	in	
vitro	prior	to	cloning.	The	complete	wild-type	HCMV	gene	complement	was	reconstructed	by	reference	to	
the	original	clinical	sample.	Characterization	of	viruses	generated	from	repaired	BACs	revealed	that	RL13	
efficiently	repressed	HCMV	replication	in	multiple	cell	types;	moreover,	RL13	mutants	rapidly	and	repro-
ducibly	emerged	in	transfectants.	Virus	also	acquired	mutations	in	genes	UL128,	UL130,	or	UL131A,	which	
inhibited	virus	growth	specifically	in	fibroblast	cells	in	wild-type	form.	We	further	report	that	RL13	encodes	
a	highly	glycosylated	virion	envelope	protein	and	thus	has	the	potential	to	modulate	tropism.	To	overcome	
rapid	emergence	of	mutations	in	genetically	intact	HCMV,	we	developed	a	system	in	which	RL13	and	UL131A	
were	conditionally	repressed	during	virus	propagation.	This	technological	advance	now	permits	studies	to	be	
undertaken	with	a	clonal,	characterized	HCMV	strain	containing	the	complete	wild-type	gene	complement	
and	promises	to	enhance	the	clinical	relevance	of	fundamental	research	on	HCMV.
Introduction
Human cytomegalovirus (HCMV) is a clinically important her-
pesvirus that  is ubiquitous  in human populations worldwide 
(1). Primary infection is followed by lifelong persistence, during 
which virus reactivation must be constrained continuously by host 
immune surveillance. Myeloid cell progenitors are a recognized 
site of latency, with infectious virus being produced following dif-
ferentiation into macrophages or dendritic cells. Severe disease 
is most commonly observed when immunity is compromised by 
infection (e.g., HIV/AIDS) or immunosuppressive therapy (e.g., in 
transplant recipients). HCMV is also the leading viral cause of con-
genital disability and malformation, which was the primary basis 
for it being designated a highest priority level vaccine target by 
the US Institute of Medicine (2). HCMV disease can manifest as 
a wide range of clinical conditions (e.g., pneumonia, colitis, reti-
nitis, hepatitis, arteriosclerosis, or systemic infection), reflecting 
the capacity of the virus to infect a wide range of cell types in vivo 
(3–7). Despite this wide tropism in vivo, only fibroblasts support 
the efficient growth of cultured strains in vitro.
Appreciation of HCMV pathogenesis is heavily dependent on 
research performed using the high-passage strains AD169 and 
Towne. However, these strains are known to have both lost viru-
lence and experienced substantial alterations in their genomes dur-
ing passage in cell culture (8–10). The HCMV genome may be repre-
sented as ab-UL-b′a′c′-US-ca, where UL and US denote long and short 
unique regions and ba/b′a′ and ca/c′a′ indicate inverted repeats 
flanking the unique regions. AD169 and Towne have acquired large 
deletions (15 kb and 13 kb, respectively) in the UL/b′ region in addi-
tion to defects elsewhere in genes that are dispensable for growth 
in fibroblasts (11–18). The UL/b′ region encodes a viral CXCL che-
mokine (gene UL146; ref. 19), a tumor necrosis factor receptor 
homolog (gene UL144; ref. 20), natural killer cell evasion functions 
(genes UL141 and UL142; refs. 21–23), a regulator of latency (gene 
UL138; refs. 24, 25), and several other uncharacterized functions. 
Therefore, the UL/b′ region is likely to contribute to virulence via 
several pathways. Spontaneous defects clearly arise elsewhere in the 
HCMV genome, yet their significance is only occasionally defined 
functionally (13, 18, 26, 27). Indeed, whole-genome sequencing of 
multiple clinical strains following growth in vitro reveals that clini-
cal HCMV genomes invariably mutate whether passaged in fibro-
blasts, epithelial cells, or endothelial cells (28).
There is a need to develop and characterize low-passage HCMV 
strains for experimental applications. However, the generation of 
laboratory strains of WT HCMV is problematic not only because 
clinical samples often contain multiple strains (27, 29–36), but 
especially because genetic adaptations occur even during the early 
stages of passage in cell culture. Thus, most strains passaged in 
fibroblasts are mutated in 1 of 3 adjacent genes (UL128, UL130, 
and UL131A; collectively termed the UL128 locus, UL128L) whose 
products form a complex bound to glycoproteins gH and gL in 
the virion envelope (37–43). These mutations inhibit formation 
of the complex and thereby render the virus incapable of infecting 
epithelial, endothelial, and certain myeloid cell types (12, 44–48).
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Figure 1
Steps in the construction of pAL1111. The approximate location of the insertion site of the BAC vector between US28 and US29 in the 
US region of the HCMV genome is shown at the top. The designations of BACs (pAL series) and viruses (RCMV series) are shown on the 
right. Boxes indicate protein-coding regions (labeled), and circles denote loxP sites (L). The BAC box represents pBeloBAC11, the eGFP/
Puro box represents a cassette expressing eGFP and a puromycin resistance protein, and the Cre box represents a Cre recombinase gene 
containing a synthetic intron.
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The genomes of several HCMV strains have been captured as BACs, 
including a number based on low-passage viruses, and these are 
proving to be an invaluable resource for research (49–54). However, 
none contains the full complement of HCMV genes, both because of 
mutations that occurred in cell culture prior to being cloned and, in 
most cases, because sequences were deleted in order to accommodate 
the BAC vector. In addition, the original clinical material is not avail-
able for most of these strains, thus preventing the sequences of the 
cloned genomes being verified against those of unpassaged virus. To 
provide a reliable source of HCMV gene sequences and a reproduc-
ible source of genetically intact, clonal virus for pathogenesis studies, 
we sought to produce an infectious BAC containing the complete 
HCMV gene complement. HCMV strain Merlin (ATCC VR-1590) 
was selected because it is designated the reference HCMV genome 
sequence by the National Center for Biotechnology Information 
(GenBank AY446894; RefSeq NC_006273) and the original clini-
cal sample is available for comparison. Merlin was derived from the 
urine of a congenitally infected infant and sequenced after 3 passages 
(p3) in human fibroblasts (27).
Our study commenced with the construction of a BAC clone con-
taining the complete genome of strain Merlin (p5). DNA sequenc-
ing led to the identification of disabling mutations in genes RL13 
and UL128, which were repaired first singly and then in combina-
tion to produce BACs containing a complete WT gene comple-
ment. Experiments conducted with viruses derived from the BACs 
revealed that RL13 expression severely impairs HCMV replication 
in fibroblast and epithelial cell cultures. Thus, when viruses gener-
ated from BACs containing the WT RL13 gene were passaged in 
vitro, further mutants emerged rapidly, producing a phenotypically 
altered virus with enhanced growth properties. Although RL13 is 
known to be a member of a restricted set of HCMV hypervariable 
genes (27), its expression had not, to our knowledge, previously 
been characterized. Use of the BACs showed that RL13 encodes a 
highly glycosylated protein located in the virion envelope. Since 
virus generated from the WT BAC was susceptible to mutation, cell 
lines were constructed in which expression of RL13 and UL131A 
could be modulated. For what we believe is the first time, these cell 
lines permit experiments to be undertaken using a characterized 
HCMV strain containing the complete WT gene complement.
Results
Cloning the HCMV strain Merlin genome. We aimed to clone the com-
plete HCMV strain Merlin genome by inserting a BAC vector into 
a noncoding region between virus genes US28 and US29. Pre-
liminary studies (data not shown) indicated that straightforward 
insertion of the BAC-targeting vector into the HCMV genome 
by homologous recombination during virus growth in primary 
human fetal foreskin fibroblasts (HFFFs) was associated with 
compensating deletions in virus sequences, presumably due to 
genome size constraints operating during virus DNA packaging. 
The BAC-targeting vector was therefore redesigned to replace the 
region of the HCMV genome containing US29–US34 (Figure 1). 
BAC vector DNA was transfected into HFFFs, which were super-
infected with HCMV strain Merlin (p5), and puromycin selection 
was used to enrich for recombinants. Circular DNA was extracted 
and electroporated into E. coli. A total of 22 clones were analyzed 
by restriction endonuclease digestion (data not shown), and all 
contained the HCMV genome minus US29–US34. Since both UL 
and US may be present in either orientation in an HCMV genome, 
a linear molecule will be one of 4 isomers and a circular molecule 
one of 2. Restriction endonuclease profiles corresponding to both 
circular conformations were detected among the BAC clones (data 
not shown). A single clone (pAL1031; Figure 1) of the 12 clones 
with UL and US present in the standard arrangement was selected 
for further analysis.
Recombineering (55, 56) was used to insert the US29–US34 
region into pAL1031, thus generating pAL1040, which contains 
the  entire Merlin genome  (Figure 1). Cre/lox  technology has 
been deployed previously to promote excision of prokaryotic vec-
tor sequences (also located between US28 and US29) from an 
AD169 BAC following transfection into HFFFs (53). We adopted 
this strategy to produce a self-excising Merlin BAC by 2 rounds 
of recombineering, in which the enhanced GFP (eGFP)/Puro cas-
sette in pAL1040 was replaced by a gene encoding Cre recombi-
nase, thus generating pAL1053 (Figure 1). The version of Cre used 
contained a synthetic intron to prevent its expression in E. coli (57, 
58). Following transfection into HFFFs however, Cre recombinase 
was expressed and mediated removal of the BAC vector by recom-
bination between loxP sites engineered at the junctions with the 
virus genome. Thus, the only exogenous sequences remaining in 
virus generated from pAL1053 and subsequent BACs were those 
of single loxP and NheI sites (40 bp in total) located between US28 
and US29 (Figure 1).
Sequence of BAC pAL1053. Sequencing of the entire HCMV com-
ponent of pAL1053 confirmed that the whole Merlin genome had 
been captured and that a single a/a′ sequence was present between 
Table 1
Sequence differences between Merlin (NC_006273) and the HCMV genome in pAL1053
Position	 Change	(NC_006273	→	pAL1053)	 Coding	region	affected	 Coding	effect
11363 CAAAAAAAC → CAAAAAAAAC RL13 ƒ
40231 TTGGAGG → TTGCAGG UL32 None
48828 GGCGAAC → GGCAAAC UL36 R → C
49054 CATGATC → CATCATC UL36 I → M
49203 GACGGTA → GACAGTA UL36 R → C
49791 AGGGGTG → AGGAGTG UL36 P → S
49792 GGGGTGC → GGGCTGC UL36 H → Q
194592–194643 (1025–1076) ACACCCCCCGTCCCCGCACACCCCCCGTCCCCGCACACCCCCCGTCCCCG → G None (b/b′) None
195063 (605) GGACCGC → GGAGCGC None (b/b′) None
194781 CCGTAGA → CCGCAGA None (b′ only) None
Nt positions are given with respect to NC_006273. ƒ, frameshift. Altered bases underlined.
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the b and c, and b′ and c′, sequences. As in Merlin (p3), pAL1053 
contained a G to A (G → A) substitution at nt 176311 that intro-
duces an in-frame stop codon and would lead to premature termi-
nation of the UL128 protein. pAL1053 differed from Merlin (p3) 
at a total of 12 locations (Table 1). These included 5 substitutions 
clustered in UL36. The sequences of PCR products amplified from 
the original clinical material, Merlin (p3), the earliest BAC precur-
sor of pAL1053 (pAL1031), and 10 additional Merlin BACs from 
the same stage as pAL1031 showed that these mutations were pres-
ent only in pAL1031, whereas the sequences from all other sources 
were identical to that of the Merlin (p3) sequence. Thus, the differ-
ences in UL36 were atypical and limited to the Merlin genome that 
was captured in pAL1031. The UL36 mutations in pAL1053 were 
repaired by recombineering to match the Merlin (p3) sequence, 
thus generating pAL1111 (Figure 1).
The most significant additional difference between Merlin (p3) 
and pAL1053 (and hence pAL1111) was a frameshift in RL13 at 
nt 11363 caused by a single nt insertion (Table 1; also see below). 
The remaining differences had no apparent effect on protein-cod-
ing potential. A synonymous substitution in gene UL32 was found 
retrospectively to represent a single nt polymorphism in the Mer-
lin (p3) genome. Three alterations were noted in the b/b′ inverted 
repeat sequence. Two of these were substitutions, one being pres-
ent in both b and b′ and the other in b′ alone. The other was a 
51-bp deletion due to natural length variation in a tandem repeat 
sequence in both b and b′. The b/b′ sequence is the region of the 
HCMV genome that is most prone to variation in HCMV (18, 59)
Mutations in RL13. To investigate the origin of the frameshift 
mutation in the RL13 coding region (nt 11189–12070), this locus 
was sequenced  in 10 additional BACs from the same stage as 
pAL1031. Surprisingly, all were found to contain disruptive muta-
tions, and 4 different classes (classes 1–4) of mutant were identi-
fied, each of which is predicted to express a truncated RL13 protein 
(Figure 2). To determine whether RL13 was mutated in the virus 
stock used to generate pAL1031, the coding region was amplified 
by PCR from Merlin (p5) and 15 clones were sequenced (Figure 2). 
Mutations that were detected in single clones, except where they 
corresponded to mutations in the BACs, could have arisen by PCR 
error and were excluded from the analysis. The PCR clones identi-
fied mutations that corresponded to 3 of the 4 mutant groups 
Figure 2
Alignment of amino acid sequences potentially encoded by mutated versions of RL13 in pAL1031 and 10 other BACs from this stage, and PCR 
clones from Merlin (p5). Shading indicates identity to the WT Merlin sequence (NC_006273). Numbers in parentheses indicate the number of 
clones containing the relevant mutation. Nt mutations were as follows (numbering relative to strain Merlin sequence, NC_006273): mutant 1, 
C → T (nt 11573; premature stop codon); mutant 2, G → T (nt 11534; premature stop codon); mutant 3, C → T (nt 11531; premature stop codon); 
mutant 4 (which includes pAL1031), extra A (nt 11363; frameshift); mutant 5, G → C (nt 11563, W → C); mutant 6, deletion of nt 11276–11860; 
mutant 7, G → A (nt 11191, M → I, altered start codon; the protein is depicted as starting from next in-frame M).
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(groups 1, 2, and 4) in BACs, plus 3 additional groups (classes 5–7). 
None of the BAC or PCR clones yielded a sequence representing 
the WT RL13 coding region.
The finding that all genomes in Merlin (p5) and BACs derived 
from Merlin at the pAL1031 stage were mutated in RL13 raised the 
question of at which stage these mutations had arisen. The original 
Merlin sequence was determined from bacteriophage M13 clones 
derived from Merlin (p3). Retrospective analysis of the sequence 
database revealed that, although the RL13 consensus was WT, all 
individual M13 clones were mutated at various different positions 
(Table 2). Moreover, an analysis of individual PCR clones produced 
from Merlin (p3) was also consistent with this virus stock com-
prising a mixture of RL13 mutants (Table 2). Thus, 18/22 PCR 
clones exhibited substitutions that were also detected in the M13 
clones. Each of the remaining 4/22 PCR clones contained unique 
mutations in RL13 (data not shown), though it is not possible to 
exclude the possibility that these resulted from PCR errors.
To investigate whether the mutants detected in Merlin (p3 and 
p5) were present in the clinical sample or whether they originated 
during cell culture, 10 PCR clones of RL13 were generated from the 
original clinical sample, using the same primers and conditions as 
were used for Merlin (p5). Nine clones were WT in sequence, and 
one clone contained a single synonymous substitution (A → G at 
nt 11959). This substitution was not detected in any versions of 
Merlin from passage in cell culture and thus most probably result-
ed from a PCR error. These data indicated that RL13 was predom-
inantly WT in the clinical sample and are consistent with RL13 
mutants having arisen and been selected during cell culture.
Growth properties of virus generated from the Merlin BAC. Virus 
(RCMV1111) was readily recovered from HFFFs transfected with 
pAL1111 (Figure 1) and exhibited a restriction endonuclease pro-
file identical to that of Merlin (p5) (Figure 3A). A pattern diagnos-
tic of the presence of all 4 genome isoforms was distinguishable in 
the linear RCMV1111 genome. Infections of HFFFs at low MOI 
(0.01 PFU/cell) demonstrated that RCMV1111 grew with kinetics 
comparable to those of Merlin (p5) (Figure 3B).
In generating RCMV1111, the BAC vector was excised from 
the genome to leave only a residual sequence of 40 bp between 
US28 and US29. Intracellular FACS indicated that RCMV1111 
expressed the US28 protein during the course of productive infec-
tion at an abundance comparable with Merlin (p5) (Figure 3C). 
Since an antibody was not available for the US29 protein, US29 
transcript levels expressed by RCMV1111 and Merlin (p5) were 
measured by quantitative RT-PCR (QRT-PCR) (Figure 3D), using 
UL123 (IE1) as a standard, and were comparable. Thus, the resid-
ual 40 bp in RCMV1111 had no discernible effect on expression 
of the adjacent US28 and US29 genes.
Expression of eGFP by virus generated from the Merlin BAC. To facili-
tate the characterization of viruses generated from Merlin BACs, 
an IRES-eGFP expression cassette was  inserted  into pAL1111 
immediately downstream from UL122 (IE2), so that expression 
was under the control of the major IE promoter (60), generating 
pAL1158. In the resulting virus (RCMV1158), eGFP was expressed 
with IE kinetics (data not shown). In growth studies performed at 
low MOI (0.01 PFU/cell) in HFFFs, RCMV1158 exhibited a small 
but consistent reduction in levels of virus production (2-fold) at 12 
days post-infection (PI) (Figure 3E).
Repair of RL13 or UL128 results in growth defects in fibroblasts. In 
order to reconstitute the complete HCMV gene complement, 
the lesions in UL128 and RL13 in pAL1111 were repaired seam-
lessly by recombineering, both singly and in combination, cul-
minating in a set of 4 BACs (pAL1111, pAL1119, pAL1120, and 
pAL1128; Table 3). The complete sequence of the fully repaired 
BAC (pAL1128) was verified by Solexa sequencing. A correspond-
ing set of eGFP-tagged BACs was also constructed (pAL1158, 
pAL1159, pAL1160, and pAL1161; Table 3).
To assess the efficiency of virus spread from cell to cell, the 4 
eGFP-tagged BACs were  transfected  individually  into HFFFs, 
the cells were overlaid, and then plaque areas were measured at 
3 weeks post-transfection (PT) (Figure 4 and Figure 5A). Compa-
rable results were obtained using the BACs lacking the eGFP tag 
(data not shown). Viruses with either RL13 (RCMV1159) or UL128 
(RCMV1160) repaired produced much smaller plaques than the 
double mutant (RCMV1158). Furthermore, the virus (RCMV1161) 
with both genes repaired produced even smaller plaques. RL13 and 
UL128 thus act independently to restrict either cell-to-cell trans-
mission or virus production in fibroblast cultures.
To investigate further, HFFFs transfected with the eGFP-tagged 
BACs without overlay were monitored over time. Plaques formed 
initially by viruses with UL128, RL13, or both genes repaired 
(RCMV1159, RCMV1160, and RCMV1161) were subsequently 
outgrown by uninfected cells. To encourage virus dissemina-
tion, cells transfected with pAL1159, pAL1160, or pAL1161 were 
trypsinized at 7-day intervals and reseeded in the same flask with-
out the addition or removal of cells. The eGFP reporter gene was 
used to identify infected cells (Figure 5B), and cell-free virus levels 
were measured by titration (Figure 5C). The rates of virus spread 
through  the monolayer  (Figure 5B) were  consistent with  the 
Table 2
Sequence differences between RL13 in WT Merlin (NC_006273) and subpopulations of Merlin (p3) represented in bacteriophage M13  
or PCR clones
Position	 Mutation	(NC_006273	→	clone)	 Residue	 Coding	effect	 No.	of	M13	clones	 No.	of	PCR	clones
11191 CATGCAC → CATACAC 1 M → I 1/6 0/22
11537 GAAGTGA → GAAATGA 117 V → M 4/8 11/22
11563 ATGGAAT → ATGCAAT 125 W → C 2/8 1/22
11563 ATGGAAT → ATGCAAT 125 W → C 2/8 4/22
11900 ATTGAAA → ATTCAAA 238 E → Q 2/8 4/22
11884 AATCGGG → AATTGGG 232 None 1/8 2/22
11964 TATCGGT → TATAGGT 259 S → X 1/8 2/22
Nt positions are given with respect to NC_006273. X, termination codon. Altered bases underlined.
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relative plaque sizes (Figure 5A), with slowest growth occurring 
when RL13 and UL128 were both repaired (Figure 5, A–C). Repair-
ing either RL13 or UL128 also gave a clear reduction in the levels of 
infectious virus released into the supernatant (Figure 5C). Repair-
ing both genes delayed dissemination of the infection through the 
monolayer, but substantial and increasing amounts of infectious 
virus were released by 5–7 weeks PT (Figure 5C).
In titrations conducted to generate Figure 5C, the plaque sizes 
were largely in accord with those reported in Figure 5A. How-
ever, some plaques from the repaired viruses were substantially 
larger than the majority. Plaque sizes were measured at the earli-
est time point possible: 2 weeks PT for RCMV1158, 3 weeks PT 
for RCMV1159 and RCMV1160, and 4 weeks PT for RCMV1161 
(Figure 5D). Two clearly distinct plaque sizes were evident for 
RCMV1159. The 3 larger plaques were expanded individually in 
HFFFs, and RL13 was amplified by PCR and sequenced. Each virus 
contained the same 2 mutations in RL13, specifically C → A at nt 
11286 (resulting in S → Y) and C → G at nt 11436 (resulting in the 
introduction of an in-frame stop codon). Sequencing of viruses 
derived from the 3 largest RCMV1161 plaques did not reveal any 
mutations in RL13 or UL128L.
Repairing RL13 results in growth defects in epithelial cells. Restoration 
of RL13 independently of UL128 suppressed virus replication in 
fibroblasts, with approximately 10% of virus having remutated in 
Figure 3
Properties of Merlin BAC–derived virus RCMV1111. (A) Restriction endonuclease profiles of DNA extracted from Merlin (p5), RCMV1111 (the 
virus derived from pAL1111), and pAL1111. Markers (kb) are shown. (B) Virus titers released into the medium following infection of HFFFs at 
an MOI of 0.01 PFU/cell. Error bars show mean ± SD; results are representative of 2 experiments. (C) Intracellular FACS staining for the US28 
protein in cells at various times PI with either Merlin (p5) or RCMV1111. Controls in the form of samples stained with IgG are shown. (D) Copy 
numbers of US29 transcripts relative to UL123 (IE1) transcripts at various times PI with Merlin (p5) or RCMV1111. Figures were averaged from 
3 experiments; error bars show mean ± SD. (E) Virus titers released into the medium following infection of HFFFs at an MOI of 0.01 PFU/ml with 
RCMV1158 or RCMV1111. Error bars show mean ± SD; results are representative of 2 experiments.
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RL13 by 3 weeks PT (see above; Figure 5D). To determine whether 
this effect was limited to fibroblasts or whether RL13 may be advan-
tageous in other cell types (as is the case for UL128L), retinal pig-
mented epithelial cells (ARPE-19s) were transfected with pAL1160 
or pAL1161 (Table 3) and the size of plaques was measured (Figure 
6A). At all time points measured, plaques from the virus lacking 
RL13 (pAL1160) were larger than those from the virus in which 
RL13 had been repaired (pAL1161). Therefore, RL13 conferred a 
growth restriction in epithelial cells as well as fibroblasts. In con-
trast, UL128L is known to confer a restriction only in fibroblasts.
Cell cultures transfected with the eGFP-tagged BACs were moni-
tored simultaneously for the number of infected cells (Figure 6B) 
and amount of infectious virus released into the supernatant (Fig-
ure 6C). The lack of growth of UL128 mutants (RCMV1158 and 
RCMV1159) in ARPE-19s (data not shown) was consistent with 
previous observations that UL128L is essential for epithelial cell 
tropism. As was the case with HFFFs, plaques generated by viruses 
in which UL128 was repaired (RCMV1160 and RCMV1161) were 
eventually overgrown by uninfected cells, and virus dissemination 
required periodic reseeding of the monolayer. Both RCMV1160 
and RCMV1161 grew much more slowly in ARPE-19s than HFFFs, 
and, unlike HFFFs, ARPE-19s did not attain complete infection 
(Figure 6B),  instead reaching a plateau and forming a chronic 
infection. The virus in which both UL128 and RL13 were repaired 
(RCMV1161) grew much more slowly than RCMV1160 and formed 
a chronic infection in which a much lower proportion of cells was 
infected (approximately 15% for RCMV1161 compared with 35% 
for RCMV1160). RCMV1161 also produced lower levels of cell-free 
virus than RCMV1160 (Figure 6C). This effect was only partially 
attributable to the lower numbers of infected cells, since RCMV1161 
infected about half the number of cells as did RCMV1160 and yet 
produced over 10-fold less cell-free virus. Comparable results were 
obtained using viruses lacking the eGFP marker. Thus, repairing 
RL13 results in slower cell-to-cell spread and reduced levels of cell-
free virus from epithelial cells as well as fibroblasts.
Rapid generation and selection of RL13 and UL128L mutants in fibro-
blasts. To generate working stocks of BAC-derived viruses in HFFFs, 
the cells in a 25-cm2 flask were transfected with BAC DNA and 
reseeded periodically until 100% were infected. Cell-free virus was 
transferred to a single 150 cm2 flask and then to five 150 cm2 flasks, 
and virus stocks (p3) were prepared. To test the genetic integrity of 
the virus, 10 PCR clones each of RL13 and UL128L were sequenced. 
Differences from the original sequences were excluded as proba-
ble PCR errors if they were detected in single clones. An analysis 
of 13 virus stocks (Table 4), each derived independently from BAC 
DNA, found that (a) when only RL13 was repaired, it mutated in all 
stocks (stocks 1–4); (b) when only UL128 was repaired, the UL128 
locus mutated in 2 of 3 HFFF derived stocks (stocks 5, 6), whereas 
it remained intact in epithelial derived stocks (stocks 8, 9; a synony-
mous substitution was detected in one instance); and (c) when both 
RL13 and UL128 were repaired, RL13 mutated in 1 stock (stock 
11), whereas the UL128 locus appeared to remain intact. When the 
stock (stock 11) containing an RL13+UL128+ virus that harbored a 
frameshift in RL13 in 20% of genomes was passaged a fourth time, 
the RL13 mutation was then observed in 100% of clones, along with 
a deletion compromising both UL128 and UL130 in the UL128 
locus. Thus, both RL13 and the UL128 locus remutated in fibro-
blasts, with the former tending to mutate more rapidly.
RL13 encodes a virion envelope protein. Since RL13 has not previously 
been characterized, it was important to establish and investigate its 
expression. RL13 was therefore tagged with a sequence encoding a 
C-terminal V5 epitope and inserted into a recombinant adenovirus 
(RAd) vector. The V5 epitope was also fused to RL13 within the 
strain Merlin BACs, in both a UL128– (RCMV1279) and a UL128+ 
(RCMV1280) background (Table 3). The primary translation prod-
uct of RL13 is predicted to be a 35-kDa protein containing a signal 
sequence, a transmembrane domain, 7 potential N-linked glyco-
sylation sites, and 26 potential O-linked glycosylation sites. When 
RL13V5 was expressed in isolation using the RAd vector, 80-kDa 
and 55-kDa proteins were detected (Figure 7A), whereas 100-kDa 
and 55-kDa species were detected in cells infected with RCMV1279 
(RL13V5+UL128–; Figure 7B). The 55-kDa proteins were suscep-
tible to EndoH digestion, indicative of them being an ER-retained 
immature form, whereas the 80- and 100-kDa proteins were resis-
Table 3
WT (+), mutated (–) status of RL13 and UL128 in Merlin BACs
BAC	 Derived	virus	 RL13	 UL128
BACs	containing	no	tags
pAL1111 RCMV1111 – –
pAL1119 RCMV1119 + –
pAL1120 RCMV1120 – +
pAL1128 RCMV1128 + +
BACs	tagged	with	eGFP
pAL1158 RCMV1158 – –
pAL1159 RCMV1159 + –
pAL1160 RCMV1160 – +
pAL1161 RCMV1161 + +
BACs	containing	RL13	tagged	with	a	V5	epitope
pAL1279 RCMV1279 + –
pAL1280 RCMV1280 + +
BACs	tagged	with	eGFP,	tet	Operators	before	RL13/UL128L
pAL1393 RCMV1393 – + (tetO)
pAL1448 RCMV1448 + (tetO) –
pAL1498 RCMV1498 + (tetO) + (tetO)
Figure 4
Growth of BAC-derived viruses in HFFFs. Images show eGFP 
expressed by plaques formed in HFFFs 3 weeks PT with BAC DNA as 
indicated. Scale bars: 100 μm.
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tant to EndoH digestion and are thus presumably fully mature. 
PNGaseF digestion reduced the 55-kDa proteins to 35 kDa and, in 
addition, reduced the 80- and 100-kDa proteins to 57 and 65 kDa, 
respectively. Since neither enzyme was able to reduce the 80- and 
100-kDa proteins to 35 kDa, it is likely that mature gpRL13 con-
tains O-linked, as well as N-linked, sugars. Identical results were 
obtained with cells infected with RCMV1280 (RL13V5+UL128+), 
and no bands were seen using lysates from RL13– virus (data not 
shown). The observation that gpRL13 appears to be more exten-
sively glycosylated in the context of HCMV infection than when 
expressed in isolation is consistent with previous observations on 
CD155 and gpUL18, to the effect that HCMV infection alters nor-
mal cellular glycosylation processes (22, 61).
The V5 epitope was also used to track gpRL13 expression by 
immunofluorescence. When RL13V5 was expressed using the 
RAd vector, gpRL13 trafficked to discrete cytoplasmic vesicles, a 
proportion of which could be stained with the early endosomal 
marker Rab5A (Figure 7C). This observation is consistent with 
much of the protein having transited the Golgi apparatus. In the 
context of a productive HCMV infection, the intracellular distri-
bution of gpRL13 was different. The protein localized to the cyto-
plasmic site of virion assembly and colocalized in both HFFFs and 
ARPE-19s with a marker for the trans-Golgi network (TGN46) 
and pp28 (an outer tegument protein encoded by gene UL99 that 
interacts with the envelope and is acquired by the virion in the 
cytoplasm; Figure 7D) and gH (a virion envelope glycoprotein 
encoded by gene UL75; Figure 7E).
The finding that gpRL13 is a glycoprotein that tracks to the site 
of virion assembly raised the possibility that it might be a virion 
surface envelope protein. Growth of RL13+ HCMV in vitro is inef-
ficient, and spontaneous mutants will arise and be rapidly selected 
(see above). Nevertheless, we found that limited, short-term growth 
of RL13+ virus could be fostered by sequential reseeding of cultures 
(Figure 5), and the antibody to a C-terminal tag would preferen-
tially recognize full-length, nonmutated gpRL13 even if a propor-
tion of mutants had arisen during passage. In virions purified from 
such cultures, only the 100-kDa mature, Endo H–resistant form of 
gpRL13 was detected. In virion fractionation studies, this protein 
copurified with glycoprotein B (gB; the product of gene UL55) in 
the soluble envelope fraction, rather than with pp65 (the product 
of gene UL83) in the tegument (Figure 8A). The V5 epitope is pre-
dicted to be located topologically on the inner side of the envelope, 
and this orientation was supported by immunoelectron microsco-
py, in which gold-labeled secondary antibody exhibited extensive 
labeling around the inner surface of the envelope (Figure 8B).
Conditional expression of RL13 and UL128L. The BAC pAL1111 
(RL13–UL128–) has utility as a reproducible source of fully char-
acterized, clonal HCMV that exhibits good genetic stability and 
rapid growth to high titers in fibroblasts. We also show above 
that short-term experiments can be performed using the Mer-
lin BAC in which RL13 and UL128 are repaired. The major phe-
notypic impact these genes have on HCMV biology emphasized 
the need to work with WT virus. However, the rapid emergence 
of mutants at these loci during amplification from Merlin BAC 
Figure 5
Growth of BAC-derived viruses in HFFFs. (A) Areas of individual plaques at 3 weeks PT, with cells overlaid to prevent cell-free spread of virus. 
(B) Kinetics of infection measured by FACS analysis. (C) Kinetics of infectious virus release into the medium of the cultures in B, with error bars 
showing mean ± SD. (D) Area of plaques generated by virus harvested from the media in C, with each sample derived from the earliest time 
point at which more than 10 plaques were visible.
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transfections meant virus stocks were inevitably contaminated 
with mutants. In order to enable studies with phenotypically WT 
virus, we sought to suppress expression of RL13 and the UL128 
locus during virus expansion following Merlin BAC transfec-
tion. To achieve this, hTERT-immortalized HFFFs were trans-
duced with a retrovirus encoding the tet repressor containing a 
C-terminal nuclear localization signal (NLS) and tet operators 
were inserted upstream of the translation initiation codon of the 
gene to be modulated (62, 63). In HFFF-tet cells, the tet repressor 
binds to the tet operators and prevents transcription of the tar-
get gene, whereas transcription proceeds as normal in parental 
HFFFs. When tested with a RAd-expressing tet-regulated GFP, 
expression levels in HFFF-tet cells were reduced 180-fold relative 
to parental HFFFs, showing little more fluorescence than cells 
infected with an empty vector control (Figure 9A).
The transcriptional initiation sites for RL13 are located approxi-
mately 30- and 110-bp upstream from the translational initiation 
codon (K. Baluchova, unpublished observations). Transcription 
of UL128 starts within the UL130 coding region, and an mRNA 
initiating approximately 10 bp upstream of UL131A potentially 
encodes both the UL131A and UL130 proteins (26, 43). tet opera-
tors were inserted in various locations upstream from the RL13 
or UL131A coding regions, and their capacity to selectively pro-
mote replication of RL13+ or UL128+ viruses in HFFF-tet cells 
was tested empirically. The optimal location for the tet opera-
tors was determined to be a single tet operator 19 bp upstream of 
RL13 (pAL1448) and 2 tet operators 33 bp upstream of UL131A 
(pAL1393; Table 3). Plaque formation was  inhibited approxi-
mately 10-fold in HFFF cells by the presence of an intact UL128 
locus, and this inhibition was relieved by infection of HFFF-tet 
cells with a tet-controlled UL131A virus, RCMV1393 (Figure 9, B 
and C). Similarly, plaque formation was inhibited approximately 
10-fold in HFFF cells by the presence of an intact RL13, and this 
inhibition was relieved by infection of HFFF-tet cells with a tet-
controlled RL13 virus, RCMV1448 (Figure 9, D and E). Titers of 
tet-controlled viruses obtained from HFFF-tet cells were increased 
18- to 32-fold relative to the non-tet–controlled viruses (Figure 
9F). In addition, sequencing of 10 PCR clones of UL128L and 
RL13 from RCMV1393 and RCMV1448, respectively, showed all 
contained the WT sequence. Following passage in HFFFs with 
this RCMV1393 stock, virus was able to infect ARPE19 cells and 
produced plaques of a size equivalent to the non–tet-controlled 
parental virus RCMV1160 (Figure 9G). Finally, having verified that 
both RL13 and UL131A could be independently tet-controlled, a 
virus was constructed in which both genes contained tet opera-
tors upstream of their ATG codons. Like the previous constructs, 
plaque formation was inhibited in HFFF cells by the presence of 
an intact RL13 and UL128 locus, and this repression was relieved 
by infection of HFFF-tet cells with a virus in which both RL13 and 
UL128 were tet-controlled (RCMV1498) (Figure 10, A and B).
Thus, repression of RL13 and UL131A in HFFF-tet cells demon-
strably provides a means to amplify Merlin virions containing 
intact versions of RL13 and the UL128 locus. Two options are 
available to produce phenotypically WT HCMV from these viruses: 
either transcriptional repression can be released by the addition of 
doxycycline to infected HFFF-tet cells or, as demonstrated above, 
a final replication cycle can be performed in HFFFs.
Discussion
Diagnostic laboratories have long recognized that HCMV strains 
in clinical samples do not adapt readily to cell culture. Our con-
struction of what we believe is the first BAC containing a complete, 
characterized copy of a genetically intact HCMV genome provides 
an explanation for this phenomenon in showing that adaptation 
is dependent on 2 independent mutations, one in the UL128 locus 
(previously recognized; ref. 26) and one in RL13 (identified in the 
present study). To date, HCMV research has by necessity used virus-
es that, to varying degrees, are compromised genetically. Although 
laboratory-adapted viruses have proved invaluable, there is a clear 
need to develop systems that represent the WT virus responsi-
ble for clinical disease. To this end, the Merlin genome (p5) was 
cloned using BAC technology, and the sequence of an initial BAC 
(pAL1053) was compared with that of the parental strain. Spe-
cific issues relating to tissue culture adaptation were clarified and 
resolved using sequence data derived directly from the original clin-
Figure 6
Growth of BAC-derived viruses in ARPE-19s. (A) Size of plaques at 2, 
3, or 4 weeks PT, with cells overlaid to prevent cell-free spread of virus. 
(B) Kinetics of infection following transfection of BACs into ARPE-19s 
without overlay, measured by FACS analysis of eGFP. (C) Kinetics of 
infectious virus release into the medium of the cultures in B, with error 
bars showing mean ± SD.
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ical sample that gave rise to Merlin. Mutations that affected HCMV 
coding regions were sequentially repaired by recombineering, so 
that the only relic in virus recovered from BACs by DNA transfec-
tion was a 40-bp sequence containing a loxP and an NheI site locat-
ed between the US28 and US29 coding regions. The presence of this 
sequence did not affect expression of the flanking genes.
The high level of sequence identity between pAL1053 and strain 
Merlin (p3) demonstrated that the HCMV genome had suffered 
minimal perturbation during BAC cloning. In pAL1053, nonsyn-
onymous mutations in protein-coding regions were identified in 
UL36, UL128, and RL13. The differences in UL36 were specific 
to pAL1053 and its predecessor, pAL1031, and were presumably 
derived from a small proportion of mutants that arose in cell cul-
ture. HCMV and rhesus cytomegalovirus strains have previously 
been found to have acquired inactivating mutations in UL36 fol-
lowing passage in vitro, implying that there may be some selective 
pressure for such mutants (14, 64). Following repair of UL36, the 
resulting BAC (pAL1111) provided a reproducible source of clonal 
HCMV strain Merlin (RCMV1111; RL13–UL128–; Table 3), whose 
growth properties were indistinguishable from the parental virus. 
BACs in which either RL13, UL128, or both genes were repaired 
were generated from pAL1111 and supplemented by a correspond-
ing series of BACs containing an eGFP marker. pAL1128 and 
pAL1161 contain the complete HCMV gene complement and, for 
what we believe is the first time, enabled experiments to be under-
taken with a clonal population of effectively WT virus. Although 
RCMV1111 and its eGFP-expressing counterpart (RCMV1158) 
were stable during limited culture and suitable for generation of 
high-titer virus stocks, repair of UL128 or RL13 (or both) severe-
ly impaired HCMV growth in HFFFs, and propagation of these 
viruses was associated with rapid selection of further mutants at 
these loci. Therefore, we developed the HFFF-tet cell line, which 
allowed RL13 or UL131A to be repressed during recovery of virus 
from the BAC, thus providing a stable platform for experimenta-
tion on genetically intact HCMV.
Although HCMV replication has been described in a wide range 
of cell types, efficient virus production in vitro has been achieved 
only using viruses adapted to growth in fibroblasts. Indeed, exist-
ing cell-culture systems appear to be essentially incompatible 
with efficient propagation of WT HCMV. HCMV is not excep-
tional in this regard. Of the 8 known human herpesviruses, only 
WT herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) can be 
propagated readily to high titer in cell culture. Nonetheless, very 
high HCMV virus loads are often detected in urine samples from 
congenitally infected neonates (as was the case for the sample 
from which Merlin was isolated), and this indicates that condi-
tions exist in vivo that are compatible with efficient replication 
of WT HCMV. It is possible that RL13 regulates a switch to pro-
ductive HCMV replication in vivo.
The UL128 locus is essential for the efficient infection of epi-
thelial and endothelial cells by HCMV (37–43) but is detrimental 
to growth in fibroblasts. Consequently, mutants in this locus are 
selected when clinical isolates are passaged in fibroblasts (12, 26, 
27, 44, 45, 47, 48). Merlin was originally selected for detailed inves-
tigation from a series of clinical isolates partly on the basis of its 
excellent growth properties in fibroblasts. However, this process 
favored the selection of a UL128 mutant, which emerged during p1 
(26). When the lesion was repaired in the BACs, alternative defects 
in the UL128 locus emerged by p3–p4. In other studies monitoring 
endothelial cell tropism in clinical isolates, loss of phenotype has 
been reported in fibroblasts after p20 (44), p22 (45), or p15–p20 
(28). Such studies defined a virus “passage” as corresponding to 
Table 4
RL13 and UL128L mutations detected by PCR in BAC-derived viruses at p3
Stock	 RL13	mutations	 UL128L	mutations
	 Mutation	 Position	 Affected	clones	(%)	 Effect	 Mutation	 Position	 Affected	clones	(%)	 Effect
RL13+UL128–	BAC	transfected	into	HFFFs
1 ^A 11363 33 ƒ    
1 G → T 11901 40 E → X    
2 ΔA 11363 30 ƒ    
3 ^A 11363 50 ƒ    
4 A → G 11297 20 S → G    
4 C → T 11427 20 A → V    
4 A → G 11956 20 I → M    
RL13–UL128+	BAC	transfected	into	HFFFs
5     C → T 176229 14 R → Q
5     T → C 176845 14 I → V
5     CAAGA → TCTTG 176915-9 21 FL → SA
6     ΔT 176456 30 None (intron)
7     None  100 None
RL13–UL128+	BAC	transfected	into	ARPE-19s
8     None  100 None
9     A → G 176917 20 None
RL13+UL128+	transfected	into	HFFFs
10 None  100  ΔT 176456 50 None (intron)
11 ^A 11363 20 ƒ None  100 None
12 None  100  ΔT 176456 30 None (intron)
13 None  100  ΔT 176456 30 None (intron)
Each row represents an individual virus stock. Nt positions are given with respect to NC_006273. +, WT gene; –, mutated gene; ^, inserted nt; Δ, deleted nt.
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each serial subculture (usually weekly) of an infected cell monolayer. 
However, in the present study, virus passage involved destruction 
of the entire cell monolayer following infection with cell-free virus, 
a process that normally involves many more cycles of virus replica-
tion. Also, given that viruses mutated in the UL128 locus released 
higher amounts of virus into the medium, our use of cell-free virus 
may have further encouraged the selection of mutants.
The identification of an RL13 mutation in pAL1053 was unex-
pected because the genome sequence of Merlin (p3) indicated 
that this coding region was intact (27). It led to the discovery that 
low-passage Merlin stocks actually consisted of mixtures of vari-
ous different RL13 mutants. This finding brings a resolution with 
observations that almost all HCMV strains and BACs are overtly 
mutated in RL13 (27). Parallels exist between RL13 and the UL128 
locus in the fact that mutations arise in both genes during adapta-
tion to culture in fibroblasts. However, it is clear that RL13 and 
the UL128 locus can function independently because either gene 
in intact form was capable of suppressing virus replication, and 
Figure 7
Characterization of gpRL13. (A 
and B) Western blot performed on 
RL13V5, showing the sizes of the 
proteins in native form or following 
digestion with EndoH or PNGaseF. 
RL13V5 was either expressed in 
isolation from a RAd (A) or from its 
native position in RCMV1279 (B). 
(C) Immunofluorescence performed 
for the indicated antigens on HFFFs 
infected with the RAd express-
ing RL13V5 (×640 magnification). 
(D and E) Immunofluorescence 
performed for the indicated anti-
gens either on HFFFs infected with 
RCMV1279 or on ARPE-19s infect-
ed with RCMV1280. Original magni-
fication, ×640.
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repair of both had an additive effect. The RL13 phenotype was also 
shown to be distinct from that of the UL128 locus, since RL13 sup-
pressed HCMV replication in both fibroblasts and epithelial cells, 
whereas the UL128 locus was not only stable, but promoted infec-
tion, in epithelial cells. Nevertheless, the finding that gpRL13 is 
present in the virion indicates that it may have a role in modifying 
tropism (similar to the UL128 locus) or in modulating cell signal-
ing during virus entry (as proposed for gB).
The apparent ease with which RL13 mutants were selected in 
cell culture raised the possibility that they preexisted in the clinical 
sample, perhaps reflecting the potential for an expanded cell tro-
pism in vivo. This possibility is technically challenging to disprove, 
since such mutants might be present in very low proportions. 
However, we were unable to detect the existence of RL13 mutants 
in the primary clinical sample from which Merlin was derived. It 
was estimated that approximately 106 particles were used in the 
initial infection of a 25-cm2 flask to isolate Merlin, and this would 
have resulted in most cells receiving a particle. Nonetheless, pas-
sage 1 of Merlin took 4 weeks to complete. The mutation rate of 
DNA viruses is relatively low and has been calculated at 0.003 per 
genome replication for HSV-1 (65). If this value holds for HCMV, 
mutants  in  the UL128  locus and/or RL13 would be expected 
to arise during p1. This mutation rate operating on 106 viruses 
would result in a total of 3,000 mutations per genome replication. 
Since RL13 accounts for 879/235,646 bp in strain Merlin genome, 
approximately 11 mutations would be in RL13. The acquisition 
of mutations in both RL13 and UL128 could have resulted either 
from sequential mutations in the same template or as a result of 
recombination between independent mutants. Despite the coun-
terintuitive nature of such rapid selection events in a herpesvirus, 
mutations in RL13 and the UL128 locus were also identified at p3 
following transfection of the repaired BACs into HFFFs, and these 
were clearly generated de novo. Interestingly, mutants emerged in 
RL13 more rapidly than in the UL128 locus. Some data also indi-
cated that RL13 may mutate more rapidly in the context of UL128 
mutated viruses; however,  this may  simply  reflect  the  slower 
growth of the WT virus.
In support of our conclusions concerning the instability of RL13 
in cell culture, a collaborative study has shown that RL13 mutants 
were invariably selected in fibroblasts, epithelial, and endothelial 
cells during sequential passage of HCMV strains from clinical 
samples (28). Also, in most existing HCMV BACs (including FIX, 
Ph, Towne, Toledo, and AD169), RL13 is mutated overtly by dele-
tions, frameshifts, or substitutions that introduce premature ter-
mination codons (27), and that derived from strain TB40/E (54) 
contains a unique substitution that greatly reduces the prediction 
of a signal peptide for gpRL13 (A.J. Davison, unpublished observa-
tions). Relating to this, we note that on 2 occasions, viruses derived 
from Merlin BACs replicated relatively efficiently in fibroblasts 
and yet retained an intact RL13 (RCMV1159 [data not shown] 
and a proportion of RCMV1161; see Figure 5D). This suggests that 
another HCMV gene may be required for RL13 function and that 
this gene is less prone to mutation than RL13.
HCMV exhibits the highest degree of intrastrain sequence varia-
tion of any human herpesvirus, and RL13 is a member of a small 
group of genes that exhibit the greatest variation (27). Also among 
this group are genes UL146 (27, 35, 36, 66–68) and UL74 (gO) (27, 
35, 69–71), which are well characterized because of their utility in 
genotyping clinical isolates. The selection pressures responsible 
for generating such degrees of divergence are not fully understood, 
but their origins, and perhaps the era in which they have operated, 
appears to be ancient (66). Despite remarkable sequence variation 
among HCMV strains, UL146 and UL74 are stable within indi-
vidual patients, and identical UL146 sequences have been detected 
in geographically distant individuals (35, 66). RL13 is one of 14 
members of the RL11 gene family, which is believed to have arisen 
through gene duplication and then diverged during the evolution 
of the primate cytomegaloviruses (72). Several other members of 
this family are also hypervariable. As a virion envelope protein, 
gpRL13 may be a prime target for neutralizing antibody, and it is 
possible that selection is exerted on it in vivo to drive escape from 
the humoral immune response. In support of this, when CD4+ 
T cell responses to HCMV were measured, RL13 was one of the top 
5 most immunogenic HCMV ORFs (73). It would be interesting to 
determine whether RL13 is now stable or whether the mechanism 
driving its genetic variation remains operational.
The question arises of why RL13 is detrimental to virus replica-
tion in both epithelial and fibroblast cells in culture. The virion 
components encoded by the UL128 locus are clearly also detrimen-
tal in fibroblasts, yet they are essential for infection of other cell 
types. Since gpRL13 is also present in the virion, it may likewise 
modify tropism in some way that has not yet been recapitulated 
in vitro. Recent studies have suggested that HCMV is capable in 
vivo of establishing persistent, low-level infections that are cor-
Figure 8
Localization of RL13 in the virion. (A) Western blot per-
formed on purified virions from virus expressing a trun-
cated gpRL13 (RCMV1111, RL13–) or full-length RL13 
with a C-terminal epitope tag, gpRL13V5 (RCMV1279, 
RL13+). Complete virions (V), envelope fraction (E), 
and tegument/capsid fraction (T) were probed for 
the antigens indicated. (B) Immunogold EM staining 
for RL13V5 in purified RCMV1279 virions. Original 
magnification, ×40,000.
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Figure 9
Repression of UL128L and RL13 by 
BAC-derived viruses in HFFF-tet cells. 
(A) FACS analysis of parental HFFFs 
or HFFF-tet cells, infected with empty 
control adenovirus (RAd-Ctrl) or RAd-
expressing eGFP (RAd-GFP). RAd-
GFP expresses GFP from the HCMV 
MIE promoter, containing 2 tet opera-
tors 10 bp downstream of the TATA 
box. (B–E) Plaque sizes of viruses 
generated at 2 weeks PT in HFFFs (B 
and D) or HFFF-tet cells (C and E), with 
cells overlaid to prevent cell-free spread 
of virus, showing (B and C) repression 
of UL128L in RCMV1393 and (D and 
E) repression of RL13 in RCMV1448. 
(F) Titers of virus stocks obtained from 
HFFF-tet cells infected with viruses in 
which RL13 and UL131A were tet con-
trolled (RCMV1448 and RCMV1393, 
respectively) or the parental viruses 
in which RL13 and UL131A were 
not tet controlled (RCMV1159 and 
RCMV1160, respectively). (G) Plaque 
size of parental virus (RCMV1160) or 
virus in which UL131A was tet con-
trolled (RCMV1393) in ARPE19 cells, 
3 weeks PT.
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related with the presence of glioblastomas (74–76). Alternatively, 
therefore, RL13 may act as a regulator, promoting persistence of 
HCMV by suppressing the switch to full lytic infection until virus 
dissemination is required. Clearly there are situations in vivo, as 
illustrated by UL138 (which promotes latency by suppressing lytic 
infection in CD34+ myeloid progenitors), where it can be beneficial 
for the virus to restrict or limit productive infection.
Consideration has been given to using live HCMV as a vacci-
nation agent, vaccine carrier, and vector for gene therapy. Such 
studies are being developed with strains adapted to cell culture 
that have lost RL13 function. When the low passage HCMV strain 
Toledo was evaluated in human virus challenge, mild to severe 
disease was induced in immunocompetent individuals (both sero-
negative and seropositive) receiving doses ranging between 10 
and 1,000 PFU (9). Indeed, the capacity of this strain to induce 
clinical disease was impressive. However, Toledo is known to have 
a large, in-frame deletion in RL13 and an ablation of UL128 (27). 
The absence of RL13 function as a repressor of HCMV replication 
could potentially have enhanced the efficiency of Toledo replica-
tion, dissemination, and pathogenesis during an acute infection. 
In addition to demonstrating that RL13 is incompatible with effi-
cient virus replication in vitro, we have now provided a method 
for conditional expression of RL13 and UL131A in the context 
of productive virus infection in HFFFs. The system that we have 
developed will facilitate HCMV studies with virus fully represent-
ing the clinical agent.
Methods
All studies in human and animal cells were approved by Bro Taf Local 
Research Ethics Committee, Cardiff, United Kingdom.
Cells and viruses. HFFFs and ARPE-19s (77) were grown in DMEM (Gibco; 
Invitrogen) containing 10% FCS (Gibco; Invitrogen) at 37°C in 5% CO2. 
HCMV strain Merlin (p5) (27) was utilized to generate BACs as described 
below. Infections were performed as described previously (78), and viruses 
were titrated in triplicate by plaque assay for 14 days on HFFFs using a 1% 
Avicel overlay (79). Cultures that exhibited small plaques at 14 days PT 
were incubated for a further 14 days and recounted. Plaques were visual-
ized using an ORCA-ER camera mounted on a Leica DMIRBE microscope, 
and sizes were computed using Openlab 3 software (Improvision).
PCR. Three DNA polymerases were used in PCR reactions according to 
the manufacturers’ protocols: Phusion (NEB) for fragments greater than 
4 kb; Advantage 2 (Clontech) for amplification directly from virus stocks 
or cultures; and Expand Hi-Fi (Roche) for all other experiments. Oligo-
nucleotide primers were purchased from Sigma-Aldrich at desalted purity. 
RL13 and the UL128 locus were amplified for sequencing using primers 
RL13F (ATCCTGAACATGAAGACTGACGTT) and RL13R (GAATAAACA-
CACCCAAACATTAATGAC), and UL128F (CAGAAACTCACATCGGCGA-
CA) and UL131AR (CCATCACCTCGCCTATACTATGTG), respectively.
Isolation, transformation, and transfection of DNA. Minipreps of plasmids 
or BACs were produced as described previously (62). Maxipreps were pro-
duced using NucleoBond BAC100 kits (Machery Nagel) from 500 ml over-
night bacterial cultures. BAC DNA transfections (2 μg) of HFFFs (106 cells) 
were performed using a basic fibroblast kit and a Nucleofector (Amaxa) 
according to the manufacturer’s protocol. Transfections into ARPE-19s 
were performed in 25-cm2 flasks using effectene (QIAGEN) according to 
the manufacturer’s protocol for 60-mm dishes.
Transformation of E. coli was performed by electroporation at 2.5 kV using 
2-mm cuvettes and a Micropulser (Bio-Rad). When PCR products were 
cloned for sequencing, DNA was purified from agarose gels using a GFX 
PCR DNA and Gel Band Purification kit (GE Healthcare) and cloned into 
pCR4-TOPO (Invitrogen) according to the manufacturer’s instructions.
Construction of the BAC-targeting vector.  The  BAC-targeting  vector 
(pAL1026; Figure 1) used to capture the Merlin genome contained mark-
ers for eGFP and puromycin resistance (eGFP/Puro) and homology arms 
matching HCMV genes US28 and US34A (817 and 888 bp, respectively), 
a chloramphenicol resistance gene (cat), genes sopA, sopB, and sopC, which 
ensure active partitioning during cell division, and gene repE, which medi-
ates assembly of the replication complex in E. coli at Ori2. Each homology 
arm was flanked by a loxP site, and a unique NheI restriction site was posi-
tioned between them.
To generate pAL1026, pBeloBAC11 (New England Biolabs; GenBank 
U51113; ref. 80) was digested with HpaI and ApaLI, blunt-ended with Kle-
now DNA polymerase, and religated to remove the existing cos and loxP 
sites, thus generating pAL767. Homology arms matching genes US28 and 
US34 were amplified from Merlin DNA using primers US28F (GGCC-
GCTAGCTGGCGACGTCGGATTCAATG; NheI site underlined), US28R 
(GGCCGGATCCATAACTTCGTATAATGTATGCTATACGAAGT-
TATAGCGCTTTTTTATTACGGTATAAT; BamHI site underlined, loxP 
site shown in bold), and US34F (GGCCGCATGCATAACTTCGTATAG-
CATACATTATACGAAGTTATGACCAGTGGTGGCGGGGAAT; SphI 
site underlined, loxP site shown in bold) and US34R (GGCCGCTAGC-
GGGACTTTCATCCTGCATTA; NheI site underlined), respectively. The 
2 PCR products were digested with NheI, ligated together, digested with 
SphI and BamHI, and inserted into pAL767, thus generating pAL799. A 
linker containing a PacI site was inserted into the BamHI site, and then 
an expression cassette encoding eGFP/Puro (under the control of an SV40 
promoter and linked by an internal ribosome entry site [IRES]) was insert-
ed into pAL799, thus generating pAL815. The eGFP/Puro expression cas-
sette was derived from the BAC-targeting vector YD-C19 (a gift from D. Yu; 
ref. 53) by amplification using primers eGFP-PuroF (GGCCTTAATTA-
ACAATTCGGCGCAGCACCA; PacI site underlined) and eGFP-PuroR 
(GGCCTTAATTAAGATCCAGACATGATAAGATACATTGATG; PacI site 
Figure 10
Simultaneous repression of UL128L and UL13 by BAC-
derived viruses in HFFF-tet cells. Plaque sizes of virus-
es generated at 3 weeks PT in HFFFs (A) or HFFF-tet 
(B) cells, with cells overlaid to prevent cell-free spread 
of virus. Data points represent individual plaque sizes 
recorded for each mutant.
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underlined). The amplified fragment was digested with PacI and inserted 
into PacI-digested pAL815, thus generating pAL1026.
Construction of a Merlin BAC. 1 μg pAL1026 was linearized by NheI diges-
tion and transfected using Effectene (QIAGEN) into 5 × 105 HFFFs. Cells 
were infected at 24 hours PT with Merlin (p5) at an MOI of 10, and recombi-
nants were enriched by selection with puromycin (2.5 μg/ml) and detected 
by visualizing eGFP. When a significant proportion of cells exhibited eGFP 
expression, circular DNA was extracted using Hirt extraction (53, 81) and 
transfected into E. coli. Selection with chloramphenicol allowed the identi-
fication of BAC colonies, from among which pAL1031 (Figure 1) was ana-
lyzed in detail and repaired by recombineering.
Repairing of Merlin BACs. Recombineering was performed in E. coli SW102 
using lacZ/ampr/sacB (62) and galK selection cassettes (82) as previously 
described. The sequences of the primers used are listed in Supplemen-
tal Table 1  (supplemental material  available online with  this article; 
doi:10.1172/JCI42955DS1). All constructs were verified by sequencing 
modified regions and by restriction digest at each step. To enable the 
Merlin UL29–UL34  sequence  to  be  reintroduced  into  pAL1031,  the 
lacZ/ampr/sacB cassette was amplified and inserted between the loxP site 
and US34A using  primers  SacBF-LoxPHom  and  SacBR-US34AHom 
to generate pAL1033 (Figure 1). To generate the insert, 2 PCR products 
were produced, digested with NheI, and ligated together. A 482-bp region 
encompassing the loxP site adjacent to US34 in pAL1026 was amplified 
using primers LoxP-R (GGCCGCTAGCATAACTTCGTATAATGTATGC-
TATACGAAGTTATGCATGCAAGCTTGAGTATTC; NheI site underlined) 
and Chlor-F (GGCCAGATCTGTCGGCAGAATGCTTAATGAA; BglII site 
underlined). A 5.2-kb region of the Merlin genome spanning genes US29 
to US34A was also amplified using primers US29F (GGCCGCTAGC-
ACCTCGGCCTTTTCATACAA; NheI site underlined) and US34AR (GGC-
CAGATCTGGGACTTTCATCCTGCATTA; BglII site underlined). Each 
amplicon was cloned into pCR2.1-TOPO (Invitrogen) for sequencing. A 
clone of each amplicon in which the sequence was correct was digested 
with BglII/NheI. The fragments were ligated together and recombineered 
into pAL1033, thus replacing the lacZ/ampr/sacB cassette by US29–US34A 
and generating pAL1040 (Figure 1).
The eGFP/Puro cassette in pAL1040 was replaced by a Cre recombinase 
gene under the control of an SV40 promoter and containing a synthetic 
intron (57) so that the protein would be expressed in mammalian cells but 
not E. coli. The lacZ/ampr/sacB cassette was amplified using primers SacBF-
GFPPuroHom and SacBR-GFPPuroHom and inserted into pAL1040, thus 
generating pAL1047 (Figure 1). The Cre recombinase expression cassette 
was amplified from YD-C66 (a gift from D. Yu; ref. 53), using primers 
CreF-SV40Hom and CreR-BACHom, and recombineered in place of the 
lacZ/ampr/sacB cassette, thus generating pAL1053 (Figure 1).
The sequence of pAL1053 was determined (see below) and indicated 
the presence of several differences from that of WT Merlin (see Results). 
Redundant sequences containing residual lacZ sequences were deleted 
by replacement with a galK selectable marker, which was amplified using 
primers GalKF-CreHom and GalKR-SopCHom. The galK marker was then 
removed using the primer RemoveGalKBAC, thus generating pAL1090 
(Figure 1). To repair the lesions in gene UL36, the lacZ/ampr/sacB cassette 
was amplified using primers SacBF-UL36Hom and SacBR-UL36Hom and 
inserted in place of UL36. UL36 was then amplified from Merlin DNA 
using primers UL36F and UL36R and recombineered in place of the lacZ/
ampr/sacB cassette, thus generating pAL1111 (Figure 1). Additional BACs 
were generated by repairing either and then both of the UL128 and RL13 
mutations by the same technique. In each case, the lacZ/ampr/sacB cassette 
was amplified using primers flanking the mutation (SacBF-UL128Hom 
and SacBR-UL128Hom or SacBF-RL13Hom and SacBR-RL13Hom) and 
recombineered  into  the  relevant BAC, and the selectable marker was 
excised and the mutation repaired by recombination with oligonucleotide 
UL128Rep or RL13Rep.
To insert an IRES-eGFP expression cassette immediately downstream 
from gene UL122 (IE2) into each of the 4 BACs described above, the lacZ/
ampr/sacB cassette was amplified using primers SacBF-IE2Hom and SacBR-
IE2Hom. In the resulting BACs, the lacZ/ampr/sacB cassette was replaced 
by an IRES-eGFP cassette amplified from pIRES2-GFP (Clontech) using 
primers IRESF-IE2Hom and GFPR-IE2Hom.
DNA sequencing. All PCR products in directly cloned or recombineered 
form were verified by sequencing using a BigDye 3.1 kit (ABI) and stan-
dard techniques, except that the number of cycles during sequencing was 
increased from 25 to 100. Reactions were purified using Dye Terminator 
Removal Columns (EdgeBio) and analyzed on an ABI Prism 3130xl Genetic 
Analyzer (Applied Biosystems).
Two BACs were sequenced using published approaches (59). The com-
plete HCMV component of pAL1053 was determined via standard Staden 
sequencing of a set of overlapping PCR products, and that of pAL1128 in 
its entirety was determined using data from an Illumina Genome Analyzer 
(The GenePool, University of Edinburgh). The sequence of pAL1128 was 
deposited in GenBank as accession GU179001. All nts in the text are speci-
fied relative to Merlin (NC_006273).
QRT-PCR. QRT-PCR was performed to analyze the expression levels of 
gene US29 in infected cells. The cells were trypsinized and washed once 
in PBS, and whole-cell RNA was extracted using an RNEasy Mini Kit 
(QIAGEN) and DNAse-treated using Turbo DNA-free (Ambion). US29 
transcripts were amplified using primers US29F (GACATCGGTGACA-
CAGCTTCA) and US29R (CTTGGCCTTCAGAGACCGC), and UL123 
(IE1) transcripts were amplified using primers IE1F (AGGAAGAAAGT-
GAACAGAGTGATGA) and IE1R (TTCCTCAGCACCATCCTCCT). For 
RT-PCR with real-time detection, an iScript One-Step RT-PCR kit with 
SYBR Green (Bio-Rad) was employed according to manufacturer’s instruc-
tions, and samples were analyzed on an iCycler (Bio-Rad). Serial dilutions 
of a Merlin BAC (pAL1053; see below) were used to establish a calibration 
curve. Since transcripts antisense to US29 have been reported (83), the 
sense transcript was amplified specifically using the reverse primers (100 
pmol) with 100 ng RNA in a reverse transcription step at 50°C for 10 min-
utes, followed by inactivating reverse transcriptase at 95°C for 5 minutes. 
The forward primer was then added, and the samples were cycled 40 times 
through 95°C for 10 seconds, 60°C 30 seconds, and 83°C for 10 seconds, 
with data being collected following the final step of each cycle. Melt curve 
analysis was performed following the 40 cycles, and amplification of a 
product of the correct size was confirmed by agarose gel electrophoresis. 
Samples were analyzed in triplicate, and the results were averaged. Samples 
from uninfected cells and infected cells processed without conducting the 
reverse transcriptase step were uniformly negative.
Flow cytometry. A Cytofix/Cytoperm plus kit (BD) was used for intracellular 
staining of the US28 protein, and the Tub-45 antibody (a gift from U. Höp-
ken; ref. 84) was used (1:5) in combination with goat anti-mouse Alexa 
Fluor 488 (1:200) for detection (Invitrogen). HCMV infection was moni-
tored directly by eGFP expression or indirectly by downregulation of MHC 
class I from the cell surface using antibody W6/32 (1:100) followed by goat 
anti-mouse Alexa Fluor 647 (1:200) (Invitrogen). Samples were measured on 
a FACSCalibur (BD), and data were analyzed in FlowJo (Treestar).
Generation of the HFFF-tet cell line. The coding region of the tet repres-
sor was amplified using primers tetR-F (GGCCGGATCCCTATAGGGC-
GAATTGATATGTCTA; BamHI site underlined, initiation codon in bold) 
and tetR-R (GGCCGAATTCTTATACCTTTCTCTTCTTTTTTGGATCA-
GACCCACTTTCACATTTAAGTTG; EcoRI site underlined, NLS shown 
in bold) and cloned into the BamHI/EcoRI sites of the retrovirus vector 
pMXs-IP (85). Retrovirus stocks were produced by transfecting 293Phoenix 
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packaging cells (86) using Effectene (QIAGEN) according to manufactur-
er’s instructions and harvesting the supernatant 48 hours PT. Retrovirus 
was bound to culture dishes with Retronectin (Clontech) and used to 
infect hTERT-immortalized HFFFs. The cells were selected in puromycin 
(1 μg/ml) at 48 hours PI.
Inserting tet operators into BACs. tet operators were inserted by recombineer-
ing. To insert 1 tet operator 19 bp upstream of the RL13 coding region, 
the lacZ/ampr/sacB cassette was amplified with primers SacBF-RL13-2 and 
SacBR-RL13-2 and inserted into the BAC and then removed with oligo-
nucleotide tetO-RL13, leaving behind 1 tet operator. To insert 2 tet oper-
ators 33 bp upstream of the UL131A coding region, the lacZ/ampr/sacB 
cassette was amplified with primers SacBF-UL131A and SacBR-UL131A 
and inserted into the BAC and then removed with oligonucleotide tetO-
UL131A, leaving behind 2 tet operators.
Tagging RL13 in BACs with a V5 epitope. A sequence encoding a V5 epitope 
was fused to the C terminus of gpRL13 by recombineering. The lacZ/ampr/
sacB cassette was amplified with primers SacBF-RL13Hom and SacBR-
RL13Hom and inserted after the RL13 ORF within the BAC; then the cas-
sette was removed using overlapping oligos V5-RL13-F and V5-RL13-R, 
which fused the coding sequence for a V5 tag to the end of gene RL13.
Generating replication-deficient RAd vectors. RL13 was cloned by recom-
bineering into a RAd using the AdZ system as described previously (62), 
using primers RL13F and RL13R, so that the gpRL13 was tagged with a 
C-terminal V5 epitope. Virus was recovered from the vector by transfection 
into 293TREx cells and titrated as described previously (62). Empty vector 
control (RAd-Ctrl) and RAd-GFP, which expresses eGFP from a version of 
the HCMV MIE promoter that contains 2 tet operators 10 bp downstream 
from the TATA box, have been described previously (62).
Protein predictions. N- and O-linked glycosylation sites were predicted 
using NetNGlyc 1.0 and NetOGlyc 3.1 (87). Signal sequences and trans-
membrane domains were predicted using SignalP 3.0 (88) and TMHMM 
2.0 (http://www.cbs.dtu.dk/services/).
Purification of HCMV virions. HCMV particles in cell supernatants were 
separated into virion, dense body, and noninfectious enveloped particle 
(NIEP) fractions by positive density/negative viscosity gradient centrifuga-
tion as described previously (89). Particle concentrations in the prepara-
tions were estimated by counting negatively stained samples by EM in rela-
tion to a standard concentration of latex beads. To separate virion envelope 
proteins from capsid and tegument proteins, 108 particles were mixed 1:1 
with envelope stripping buffer (2% Nonidet-P40 in PBS) and incubated for 
15 minutes at 4°C. Particles were pelleted (12,000 g for 5 minutes at 4°C), 
and the soluble envelope fraction was harvested. The insoluble capsid/teg-
ument material was washed twice with envelope-stripping buffer and once 
in PBS before being solubilized in SDS-PAGE sample buffer.
SDS-PAGE and Western immunoblotting. Protein samples were separated by 
SDS-PAGE using 4%–12% Bis-Tris NuPAGE protein gels (Invitrogen) accord-
ing to the manufacturer’s instructions, then transferred to nitrocellulose by 
semi-dry transfer. Membranes were blocked overnight in blocking buffer (3% 
BSA in PBS containing 0.1% Tween 20 [PBST]) and then incubated with pri-
mary antibody for 1 hour. Following 3 washes in PBST, secondary antibody 
was incubated for 1 hour and washed 3 times. Bound antibody was detected 
using ECL–Western blotting detection system (RPN 2132; Amersham) and 
exposure to film. Primary antibodies were chicken anti-V5 (9113; Abcam), 
mouse anti-gB (CMV-023-40154; Capricorn), and mouse anti-pp65 (CMV-
018-48151; Capricorn). Secondary antibodies were goat anti–chicken-HRP 
(6877; Abcam) and goat anti–mouse-HRP (170-6516; Bio-Rad).
Glycosidase treatment. Samples were treated with PNGase F (P0705S; New 
England BioLabs) or ENDO H (P0703S; New England BioLabs) according 
to the manufacturer’s instructions. Briefly, the samples were denatured 
in glycoprotein-denaturing buffer at 100°C for 10 minutes and cooled to 
0°C for 5 minutes. The samples were then digested overnight at 37°C with 
PNGase F or ENDO H before being analyzed by Western immunoblotting.
Immunogold electron microscopy. Purified virions were air-dried to the 
surface of Formvar-coated EM grids. The grids were treated with chicken 
anti-V5 antibody (9113) for 4 hours at room temperature, washed 3 times 
with PBS, and incubated with goat anti-chicken antibody (39604; Abcam) 
conjugated to 6-nm gold particles for 1 hour at room temperature. After 
further washing in PBS, the grids were negatively stained with phospho-
tungstic acid and subjected to EM.
Immunofluorescence. Cells were plated on glass coverslips and infected 
with HCMV. At 7 days PI, the cells were fixed in 4% paraformaldehyde, 
permeabilized with 0.5% NP-40, and incubated with primary antibody for 
1 hour at 37°C. Following washing, secondary antibodies were incubated 
for 1 hour at 37°C, washed again, and mounted. Primary antibodies were 
chicken anti-V5 (9113; Abcam), sheep anti-human TGN46 (AHP500; Sero-
tec), mouse MAb anti-pp28 (6502; Abcam), and mouse anti-gH (2470-5437; 
Biogenesis). Secondary antibodies were donkey anti-chicken Cy3 (AP194C; 
Millipore), donkey anti-sheep IgG–Alexa Fluor 633 (A21100; Invitrogen), 
and donkey anti-mouse IgG–Alexa Fluor 488 (A-2102; Invitrogen). The 
intracellular locations of antibody-tagged proteins were examined under 
laser illumination in a Zeiss LMS 510 confocal microscope, and images 
were captured using LMS software.
Statistics. Means ± SD were calculated using GraphPad Prims software.
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